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PHOTOMETRIC PROPERTIES OF COMPLEX SURFACES 
The remarkable manner i n  which the moon s c a t t e r s  l i g h t  
provides  an important c lue  to the  na tu re  of the l u n a r  
su r face  materials. At t he  suggest ion of T. Gold, and 
assisted by H. VanHorn, t h e  au tho r  has been engaged i n  
a s tudy of  the  r e f l e c t i n g  p r o p e r t i e s  of a l a r g e  v a r i e t y  
of su r faces .  The p r i n c i p l e  a i m  of these measurements i s  
t o  ob ta in  a q u a l i t a t i v e  understanding of the f a c t o r s  which 
govern the o p t i c a l  s c a t t e r i n g  c h a r a c t e r i s t i c s  of complex 
Surfaces ,  and especially tz understand t h e  reisc),n, for t h e  
p e c u l i a r  manner i n  which the moon r e f l e c t s  l i g h t .  Such an 
understanding w i l l  greatly narrow the  types  of materials 
which may be thought of as composing t h e  l u n a r  su r face .  
The su r face  of t h e  moon i s  charac te r ized  by s e v e r a l  
* 
p r o p e r t i e s  (1 ,2 ,3)  (see Figures  1 and 2 ) :  1. The albedo 
i s  uniformly low, varying from about .05 to .18. 2 .  The 
su r face  s t rong ly  backsca t t e r s  l i g h t ,  s o  t ha t  the i n t e n s i t y  
of sun l igh t  r e f l e c t e d  toward t h e  earth from nea r ly  a l l  
areas on the  moon reaches a sharp maximum a t  f u l l  moon. 
3 .  The p o l a r i z a t i o n  o f  sunl ight  r e f l e c t e d  by the  su r face  
a l s o  exhibits an unusual behavior: the p o l a r i z a t i o n  i s  
zero a t  f u l l  moon, but becomes negat ive f o r  small phase angles ,  
reaching a minimum of 1.28 a t  a phase angle  of 1'; a t  
about  23' the  plane of po la r i za t ion  suddenly r o t a t e s ,  
going through zero and becoming p o s i t i v e ,  and reaching a 
* Numbers i n  parentheses  r e f e r  to s i m i l a r l y  numbered 
re ferences  a t  t he  end of  t h i s  paper. 
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0 broad m a x i m u m  near  110 phase. (By convention, the  p o l a r i -  
z a t i o n  i s  p o s i t i v e  i f  the plane of p o l a r i z a t i o n  i s  
perpendicular  to t h e  plane containing the d i r e c t i o n  of 
i l l umina t ion  and the normal to the su r face .  ) The 
m a x i m u m  p o l a r i z a t i o n  i s  uniformly small, seldom exceeding 
15%. 
the l i g h t  less s t rongly .  4.  T h e  manner i n  which both the 
p o l a r i z a t i o n  and br ightness  of a region vary during a 
Br igh te r  formations on the moon gene ra l ly  p o l a r i z e  
l u n a t i o n  i s  almost exc lus ive ly  a func t ion  of t h e  l u n a r  
phase angle  ( i . e . ,  of t h e  angle  between the  source of 
i l l u m i n a t i o n  and the  observor) and i s  very n e a r l y  independent 
of l o c a t i o n  on the h n b r  sphere or of the  type of 
t e r r a i n ,  5. The moon i s  e s s e n t i a l l y  c o l o r l e s s ,  and 
r e f l e c t i o n  from i t s  surface only s l i g h t l y  a f f e c t s  the 
spectrum of s u n i i g n t .  Xxcept f o r  albedo there  i s  l i t t l e  
d i f f e r e n c e  i n  appearance o r  c o l o r  between the  var ious  
types  of t e r r a i n  (Figure 3 ) .  Looked at close-up the 
l u n a r  su r face  ma te r i a l s  would appear grayish-brown. 
These photometric p rope r t i e s  a r e  s o  g r o s s l y  d i f f e r e n t  
( F  i 9  u res 4 , ~ )  
from those  of most  of t h e  common t e r r e s t r i a l  mater ia lsJhat  
it long ago became c l e a r  that the  uppermost po r t ions  of 
the  l u n a r  su r face  could no t  be s o l i d  rock. I n  p a r t i c u l a r ,  
t h e  independence of t h e  lunar  r e f l e c t i o n  l a w  on o r i e n t a t i o n  
of the  s u r f a c e  implies  a su r face  which i s  so  rough on a 
s c a l e  l a r g e  compared w i t h  a wavelength of v i s i b l e  l i g h t  
t ha t  t he  microre l ie f  has l i t t l e  dependence on t h e  l o c a l  
d i r e c t i o n s  of v e r t i c a l  o r  h o r i z o n t a l .  However, the f a c t  
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that the moon appears smooth to radar (4) indicates that 
the scale of this roughness is smaller than about 1 
centimeter. 
Previous investigations by other workers (summarized 
by Fessenkov (1)) of naturally-occurring materials, such 
as rocks, sands, lavas, volcanic ashes, and meteorites, 
showed that none of these substances possessed the correct 
reflecting properties. This result was not entirely 
surprising since the lunar surface has been exposed to a 
far different sort of "weathering" than terrestrial rocks. 
Bombardment by micrometeorites and solar radiation might 
be expected to alter the optical properties of minerals 
appreciably. 
In view of the foregoing, the author decided to 
investigate the reflecting characteristics of a wide variety 
of surfaces in order to determine the properties which 
are essential for lunar-type scattering. Knowledge of 
these properties then forms the basis for deciding 
whether or not a given material is liable to be present 
in significant amounts on the moon. 
The results of the measurements on the intensity of 
light reflected from various surfaces have been reported 
in detail (5), and may be summarized as follows. In order 
to backscatter light as strongly as the moon does, a 
material must not only have an extremely porous and open 
structure but the cavities in the surface must also be 
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interconnected. 
narrow as the moon's have fractional void volumes of the 
order of 90%. 
lunar-like surface must be so dark as to absorb at 
least 75% of the light incident on them, and must be 
opaque, with rough microsurfaces. 
Materials whose backscatter peaks are as 
The scattering objects which comprise a 
Light can penetrate into such a surface freely from 
any direction and will partially illuminate objects under 
the surface. Light rays which are reflected directly 
back toward the source from the deeper objects can escape 
unattenuated along the path of incident radiation, but 
rays reflected from the deep objects into any other 
direction are partially blocked and absorbed. in this 
manner the brightness of the surface is greatly enhanced 
when viewed parallel t.c! the direct.ion of illumination. 
The reflecting objects cannot be translucent nor transparent 
nor have smooth, specularly-reflecting microsurfaces, or 
else the backscatter peak will be wider than the moon's. 
If the objects do not absorb light strongly, that is, if 
the albedo of the surface is too high, multiply-reflected 
rays will wash out the backscatter peak and the reflection 
law will tend toward that of a Lambert surface. 
It has been found possible to treat the reflection 
process from a lunar-type surface mathematically. The 
author has derived theoretically an expression which 
accurately predicts the photometric behavior of the moon (6). 
6 
The s i n g l e  except ion to t h e  requirement f o r  i n t e r -  
connected c a v i t i e s  i s  provided by a su r face  cons i s t ing  of 
l a r g e ,  dark, scoriaceous rock fragments jumbled t o g e t h e r  i n  
a jagged p i l e  s o  t h a t  the p i t s  i n  the rock are  poin ted  i n  
random d i r e c t i o n s .  Such a s u r f a c e  has a backsca t t e r  peak 
which i s  nea r ly  as narrow as the  moon's. However, such 
a material p o l a r i z e s  l i g h t  f a r  t o o  s t rong ly  and thus  must 
b e  r e j e c t e d  a s  being present on the l u n a r  sur face .  
The r e s u l t s  of po lar imet r ic  s t u d i e s  of var ious  su r faces  
* 
may be  summarized a s  follows. The m a x i m u m  amount of  
p o l a r i z a t i o n  P of l i g h t  r e f l e c t e d  from a su r face  i s  
i n v e r s e l y  related t o  the albedo of the sur face .  T h i s  
arises because l i g h t  which i s  d i r e c t l y  r e f l e c t e d  from t h e  
s u r f a c e  of a substance tends t o  be  p o s i t i v e l y  po la r i zed ;  
but, l i g h t  which penet ra tes  the su r fzce  cf a t r a n s l u c e n t  
substance and i s  r e f r ac t ed  and s c a t t e r e d  from the i n t e r i o r  
tends  t o  be nega t ive ly  polar ized,  and this reduces the ne t  
p o s i t i v e  p o l a r i z a t i o n .  A s  the  opac i ty  of a m a t e r i a l  i s  
increased ,  the f r a c t i o n  of l i g h t  which pene t r a t e s  i s  
reduced, t h e  a lbedo  i s  decreased, and Pmax i s  increased .  
The moon i s  unusual i n  having a small P combined wi th  
a low albedo (Figure 6 ) .  
max 
max 
One way of ob ta in ing  a substance w i t h  p o l a r i z a t i o n  
p r o p e r t i e s  similar t o  t h e  moon's i s  t o  mix a l i g h t ,  t r a n s -  
l u c e n t  ma te r i a l  having a low Pmax wi th  a dark,  opaque one 
* The data repor ted  i n  t h i s  po r t ion  of the paper are i n  
p a r t  taken from t h e  work  of Lyot and Dollfus  ( 2 )  and 
i n  p a r t  from unpublished work by t h e  author .  
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of high P . Most volacanic ashes and pulver ized  
scoriaceous rocks c o n s i s t  of such a mixture,  and i t  was 
discovered by Lyot t h a t  c e r t a i n  volcanic  ashes w i l l  
max 
d u p l i c a t e  the  l u n a r  p o l a r i z a t i o n  curve (Figure 7). 
However, due t o  t h e  t r ans lucen t  p a r t i c l e s  the  backsca t t e r  
peak of such powders i s  much wider than  the moon's 
(Figure 5b) .  
It i s  thus  necessary to reduce Pmax while cons t ruc t ing  
the su r face  out of e n t i r e l y  opaque substances.  The 
i n t r i n s i c a l l y  high Pmax of a dark material can be  
d r a s t i c a l l y  decreased i n  t h r e e  ways: .~ by roughening 
the  microsurfaces ,  by decreasing the p a r t i c l e  s i z e ,  
and by reducing t h e  compaction of t he  sur face .  
F igure  8 shows this dependence of Pmax on average 
p a r t i c l e  s i z e  and compactioii for Sic a b m s i v e  powders. 
The p o l a r i z a t i o n  decreases from a l m o s t  6076 for p a r t i c l e s  
greater thar, about 501.1 ir,  diameter t o  about 15% f o r  
p a r t i c l e s  w i t h  diameters smaller  than lop .  T h i s  
behavior  i s  due t o  t h e  inc reased  e f f e c t  of d i f f r a c t i o n  
around the edges of t h e  p a r t i c l e s  a s  the s i z e  i s  
decreased. Reducing the compaction of the su r face  allows 
more v e r t i c a l  su r f aces  t o  take par t  i n  t he  r e f l e c t i o n  
process;  i t  i s  p o s s i b l e  t o  lower P by a f a c t o r  of 
two i n  t h i s  manner. 
max 
Most rough su r faces  d isp lay  t h e  genera l  f e a t u r e s  of 
t he  l u n a r  p o l a r i z a t i o n  curve i n  t h a t  l i g h t  r e f l e c t e d  from 
. 
L 
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them i s  weakly negat ive ly  po la r i zed  when the  source and 
d e t e c t o r  are nea r ly  a l igned and i s  p o s i t i v e l y  po la r i zed  
for l a r g e r  angular  separa t ions .  However, t h e  phase ang le  
a t  which t h e  p lane  of p o l a r i z a t i o n  r o t a t e s  depends on the 
chemical composition of  t h e  material. Rough m e t a l l i c  
sur faces ,  such as f i l i n g s ,  l a t h e  tu rn ings ,  and whiskers 
i n v a r i a b l y  ro ta te  p o l a r i z a t i o n  a t  phase angles  of 40  0 
or g r e a t e r .  
p o l a r i z a t i o n  a t  phase angles of 15 
a n c l u d e d  tha t  l a r g e  q u a n t i t i e s  of f ree  metal cannot be 
p re sen t  on t h e  l u n a r  surface.  
D i e l e c t r i c  substances r o t a t e  t h e  plane of 
- 30'. 0 It may be  
Thus, i n  order  t o  match the l u n a r  p o l a r i z a t i o n  law 
a su r face  must c o n s i s t  of extremely s m a l l ,  rough, opaque 
o b j e c t s ,  arranged i n t o  a complex su r face  of low 
compac.tion. 
C O N C L U S I O N S  REGARDING THE NATURE OF THE LUNAR S U R F A C E  
MATERIALS 
From the preceding discussion a number of important 
conclusions regarding the  na tu re  of t h e  uppermost l a y e r s  
of the  l u n a r  su r face  can b e  drawn. 
Since the sharp backsca t te r  c h a r a c t e r i s t i c s  r e q u i r e  
in te rconnec ted  c a v i t i e s ,  the l u n a r  su r face  cannot c o n s i s t  
of s o l i d  rocks,  even ones covered w i t h  p i t s  and cracks,  
no r  coarsely-pulver ized rocks, nor pumaceous and 
scoriaceous rocks foams and s l a g s .  While volcanic  foams 
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have low densities, their pores are separate so that 
their surfaces consist of unconnected pits and do not 
have the correct structure to backscatter light strongly. 
Glassy spheroids and other transparent or translucent 
objects can also be rejected as major conskituents of 
the lunar surface. 
A number of materials are known to be able to form 
the complex, dendritic structures of the sort required 
fir strong backscatter; among them are vegetation 
(Figure 9) ,  metallic and non-metallic whiskers, and dark, 
/I-- 
( ri !;> 
finely-divided powders, Most of these substances can be 
readily rejected as being present on the moon. 
tion is unlikely. Large numbers of metallic whiskers 
would cause the plane of polarization of moonlight to 
mtate at a nzch larger phase angle. Dielectric xhiskers 
could conceivably be formed by the combined effects of 
sputtering by the solar wind and condensation of material 
Vegeta- 
vaporized by micrometeorites. Not enough is known con- 
cerning accommodation coefficients and atomic surface 
diffusion phenomena t o  state definitely whether or not 
non-metallic whiskers could be present on the moon. 
However, it seems unlikely that they would survive long 
under micrometeorite bombardment. This last objections 
also applies to the recent suggestion by Warren (private 
communication) that the moon is covered with rock foam 
or impactite glass which has been skeletonized by the 
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s p u t t e r i n g  a c t i o n  o f  the s o l a r  wind. 
Thus i t  must b e  concluded tha t  the l u n a r  su r face  i s  
covered w i t h  a l a y e r  o f  pulverized rock powder. I n  order  
t o  l end  c r e d i b i l i t y  t o  t h i s  a s s e r t i o n  i t  i s  necessary to 
desc r ibe  some of the  p rope r t i e s  of f ine ly-d iv ided  
d i e l e c t r i c s .  
Acting between any two su r faces  i n  contac t  are 
adhesive f o r c e s  which a r e  gene ra l ly  of t he  Van d e r  Waals 
type.  Usually these surface-adhesive f o r c e s  a r e  s o  small 
i n  comparison vJit-f, t h e  o ther  fo rces ,  such a s  e l e c t r i c a l  or 
g r a v i t a t i o n a l ,  involved i n  a p a r t i c u l a r  process  t ha t  they 
do not m a t e r i a l l y  a f f e c t  the process .  Thus i f  a coarse ly-  
pu lver ized  substance i s  s t i r r e d  o r  poured the p a r t i c i e s  
bounce and roll t o  t h e  bottom of depressions t o  form a 
compact medium resembling a p i l e  of g rave l  mcl which has 
a bulk dens i ty  about one-half t h a t  o f  the  s o l i d  ma te r i a l .  
However, t h i s  behavior i s  r a d i c a l l y  a l tered i f  t h e  same 
m a t e r i a l  i s  finely-ground to such a s m a l l  average 
p a r t i c l e  s i z e  t ha t  t h e s e  adhesive f o r c e s  are  s t r o n g e r  
t h a n  the weight o f  t h e  p a r t i c l e s .  I f  such p a r t i c l e s  a r e  
d i s tu rbed  o r  deposi ted i n  such a way as  t o  i n s u r e  t h a t  
they  f a l l  i n d i v i d u a l l y  and impact the su r face  a t  a low 
v e l o c i t y  then a f a l l i n g  p a r t i c l e  w i l l  adhere t o  t h e  f i r s t  
o b j e c t  i t  s t r i k e s  and w i l l  not roll i n t o  vacant 
depress ions .  I n  t h i s  manner an extremely underdense 
medium can be b u i l t  up. Such dust  c l i n g s  tenac ious ly  to 
any sur face ,  even one h e l d  v e r t i c a l l y .  
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When such a material i s  viewed under a s t e r e o  
microscope, one sees f a n t a s t i c a l l y  complicated s t r u c t u r e s  
cons i s t ing  of porous, open h i l l s ,  out of which grow 
t o w e r s  and branches,  and interconnected w i t h  l a c y  br idges .  
These " f a i r y - c a s t l e "  s t r u c t u r e s  are  i n  t h e  category of 
s t r u c t u r e s  which can sharply b a c k s c a t t e r  l i g h t .  The 
photometric p r o p e r t i e s  of f ine ly-d iv ided  and s i f t e d  AgCl 
powder which has been darkened by exposure to u l t r a -  
v i o l e t  l i g h t  a r e  shown i n  Figure16. 
I n  t h e  t e r r e s t r i a l  l abora tory  the upper s i z e  l i m i t  
f o r  formation of t he  f a i r y - c a s t l e  s t r u c t u r e s  appears t o  
b e  about l5p,  but because of  the  reduced g r a v i t y  and 
extreme c l e a n l i n e s s  wnicn obta ins  on the  l u n a r  su r face ,  
th is  c r i t i c a l  diameter migh t  be as much as 50p on the 
iiioorl. 
Thus f ine ly-d iv ided  rock dus t  i n  an extremely loose  
s t a t e  of compaction meets every requirement f o r  reproducing 
t h e  l u n a r  photometric laws, except tha t  t e r r e s t r i a l  rock 
powders are  not  s u f f i c i e n t l y  dark.  It i s  hard t o  make 
rock  p a r t i c l e s  as s m a l l  as l o p  opaque; but t h e  t reatment  
t h a t  the exposed l u n a r  surface has received i s  very 
d i f f e r e n t  from tha t  of t e r r e s t r i a l  rocks.  Quite  probably 
the  hydrogen i o n  bombardment of t h e  s o l a r  wind i s  a b l e  t o  
darken the rock powders s u f f i c i e n t l y .  B o t h  Wehner ( 7 )  
and t h e  au thor  (8 )  have bombarded i n s u l a t o r s  w i t h  ions  of 
a f e w  k i l o v o l t  energ ies  and have succeeded i n  darkening 
i n s u l a t i n g  substances.  T h i s  darkening i s  be l ieved  t o  be 
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due t o  t h e  reduct ion  of metal oxides t o  f ree  metal by 
the ions .  However, more experimental work i s  necessary 
be fo re  t h i s  matter can be regarded as se t t led .  I n  
p a r t i c u l a r ,  coa t ing  t h e  lunar  p a r t i c l e s  w i t h  f r e e  metal 
would cause the plane o f  po la r i za t ion  t o  r o t a t e  a t  
l a r g e r  phase angles  than  i s  a c t u a l l y  observed; s o  t ha t  
obher darkening processes  may be requi red  t o  account f o r  
t he  l u n a r  photometric laws. A t  any ra te ,  there i s  ample 
evidence that  a darkening agent i s  a t  work on t h e  l u n a r  
s u r f a c e  (9). 
Various reasons may be thought of t o  expla in  why 
mck dust  would n a t u r a l l y  form i n t o  such a loose ly-  
compacted s ta te  on the moon, If t h e  e l e c t r o s t a t i c  t r a m -  
p o r t  mechanism proposed by Gold (10) i s  correct ,  rock dus t  
would be  fomed by these e f f e c t s  into ' an underdense 
medium. A more l i k e l y  explanation (due t o  T .  Gold,  
p r i v a t e  communication) i s  the a c t i o n  of micrometeori t ic  
bombardment. When a meteori te  impacts a rocky material 
much of the c o l l i s i o n  energy goes i n t o  pu lve r i za t ion  of 
the rock. Thus t h e  ac t ion  of m e t e o r i t i c  bombardment of 
the pr imordial  l u n a r  surface material w i l l  be t o  produce 
a layer  of f i n e  dus t  a t  l e a s t  a few cent imeters  t h i c k .  
When a micrometeorite h i t s  t h i s  l a y e r  of dus t  a f e w  
p a r t i c l e s  w i l l  b e  thrown a l a r g e  d i s t a n c e  by t h e  
d is turbance ,  but v a s t l y  more p a r t i c l e s  w i l l  be moved 
only  shor t  d i s t ances  of  t he  order  of a f e w  p a r t i c l e -  
diameters. 
c a s t l e  s t r u c t u r e s  over geologic t i m e s  * 
Thus t h e  dus t  w i l l  be  b u i l t  i n t o  f a i r y -  
I n  summary, i t  i s  concluded tha t  the l u n a r  su r face  
i s  covered t o  an unknown depth by a l a y e r  of rock dus t  
whose p a r t i c l e s  have an average s i z e  of t he  o r d e r  of 
10~. 
to s o l a r  r a d i a t i o n  or some o t h e r  agent and arranged by 
micrometeorite bombardment i n t o  a porous material w i t h  
a bulk dens i ty  only one-tenth t h a t  of s o l i d  rock. 
The g r a i n s  of rock have been darkended by exposure 
DEPTH OF THE DUST LAYER 
The photometric p rope r t i e s  of the moon can f u r n i s h  
information concerning only t h e  t o p  m i l l i m e t e r  of t h e  
l u n a r  su r face .  However, recent  ana lyses  of t he  thermal 
component of the  l u n a r  r a d i a t i o n  (11, 1 2 )  i n d i c a t e  that  
l a r g e  a r e a s  of the moon a r e  covered to depths o f  many 
meters hy a sl-Il.hstance which is t en  times a s  1-l.nderdensP 
as rock. It i s  very reasonable to suspect  t h a t  the 
underlying materials might be i d e n t i c a l  w i t h  those  
exposed at the  sur face .  
If the subsurface l a y e r s  a r e  indeed dus t ,  as 
Gold (10) has suggested, then t h e  f a i r y - c a s t l e  s t r u c t u r e s  
at depth must be capable o f  r e s i s t i n g  the compaction due 
to t h e  weight of overlying l a y e r s .  I n  o r d e r  to determine 
whether these  s t r u c t u r e s  have s u f f i c i e n t  s t r e n g t h  the  
fol lowing measurement was made. A sample of dun i t e  (a 
I 
14 
rock rich in olivine) was ground to an average particle 
size less than 101-1 and baked in an argon atmosphere at 
750 C for 1 7  hours in order to remove all superficial 
layers of grease and water, The sample was cooled and 
then sifted into a cup, where it was compacted and the 
0 
change in its density measured as a function of normal 
loading. At all times the sample remained in argon. 
This data was then integrated numerically, assuming 
hydrostatic equilibrium and lunar gravity, to give the 
density profile of a hypothetical lunar soil with the 
compaction properties of the dunite. This density 
profile is shown by the solid line in Figure 11. 
A second sample of baked dunite was also sifted and 
placed in an atmosphere saturated with H 2 0  vapor for 21 
nours. Its compressibility was then xeasured. The 
corresponding lunar density profile is shown by the 
dotted curve of Figure 11. The water vapor evidently 
caused a cementing action to occur which increased the 
bond strength between particles and thus increased the 
compaction resistance of the fairy-castles. On the moon 
the integrain bonds might be strengthened by cold 
vacuum-sintering or by the chemical action of water 
vapor outgassing from the lunar interior. 
This data clearly shows that finely-divided powders 
are capable of maintaining themselves in an underdense 
s t a t e  to considerable  depths on the moon. Thus, i f  t he  
r a d i o - t k r m a l  ana lyses  a r e  c o r r e c t ,  the p o s s i b i l i t y  of 
l a r g e  a reas  of the l u n a r  sur face  being covered w i t h  
t h i c k  depos i t s  of dus t  must be  given s e r i o u s  cons idera t ion .  
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